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Summary
Axon pruning is a common phenomenon in neural cir-
cuit development. Previous studies demonstrate that
the engulfing action of glial cells is essential in this
process. The underlyingmolecular mechanisms, how-
ever, remain unknown.We show that draper (drpr) and
ced-6, which are essential for the clearance of apopto-
tic cells in C. elegans, function in the glial engulfment
of larval axons duringDrosophilametamorphosis. The
drprmutation and glia-specific knockdown of drpr and
ced-6 by RNA interference suppress glial engulfment,
resulting in the inhibition of axon pruning. drpr and
ced-6 interact genetically in the glial action. Disruption
of the microtubule cytoskeleton in the axons to be
pruned occurs via ecdysone signaling, independent
of glial engulfment. These findings suggest that glial
cells engulf degenerating axons through drpr and
ced-6. We propose that apoptotic cells and degenerat-
ing axons of living neurons are removed by a similar
molecular mechanism.
*Correspondence: takeshi.awasaki@umassmed.edu
7 Present address: Department of Neurobiology, University of Mas-
sachusetts Medical School, 364 Plantation Street, Worcester, Mas-
sachusetts 01605.Introduction
Local modification and refinement of neuronal connec-
tions are essential for the development of neural circuits.
Neurons often form excess axon branches, dendritic ar-
bors, and synapses during the early phase of develop-
ment. To refine the functional neural circuit, the unneces-
sary neural processes and synapses are selectively
removed in a later phase without loss of the other parts
of the axons, dendrites, and parental neurons. Selective
elimination of neural processes and synapses is also re-
quired for the plasticity of synaptic connectivity. Among
these reorganization processes, the elimination of axons,
known as axon pruning, has been studied extensively
(Nakamura and O’Leary, 1989; O’Leary and Koester,
1993; Raff et al., 2002; Bagri et al., 2003; Watts et al.,
2003; Kantor and Kolodkin, 2003; Luo and O’Leary, 2005).
The pruning of Drosophila mushroom body (MB) g
neurons during metamorphosis is an important model
system for investigating the mechanisms underlying
axon pruning mediated by local degeneration (Technau
and Heisenberg, 1982; Lee et al., 1999; Watts et al.,
2003). In larvae, the g neurons have bifurcated axon
branches. These axon branches are pruned by local de-
generation during early metamorphosis, and most of
them disappear within 18h after puparium formation
(APF). The g neurons then re-extend their axons to
form the adult neural circuits. The pruning of the g neu-
rons is triggered by ecdysone stimulation and requires
cell-autonomous action of the ubiquitin-proteasome
system (Lee et al., 2000; Watts et al., 2003). On the other
hand, we previously demonstrated that the engulfing ac-
tion of glial cells is essential for the proper pruning of
these g neurons (Awasaki and Ito, 2004). The larval
axon branches are engulfed by glial processes that infil-
trate from the outer surface of the MB lobes (Awasaki
and Ito, 2004; Watts et al., 2004). Glial cells also have im-
portant roles in the axon pruning of motor neurons in the
neuromuscular junction in mice, where distal axon tips
called axosomes, which contain a high density of synap-
tic organelles, are engulfed by Schwann cells (Bishop
et al., 2004). Thus, glial cells are deeply involved in the
pruning of both insect and vertebrate neurons. The mo-
lecular mechanisms regulating this process, however,
remain essentially unknown.
Once cells are subjected to apoptosis, phagocytic
cells engulf and clear the apoptotic cells quickly and ef-
ficiently. Phagocytes recognize the cells to be engulfed
or not by sensing various cues, which are called ‘‘find-
me,’’ ‘‘don’t-eat-me,’’ and ‘‘eat-me’’ signals (Fadok
et al., 1998; Savill and Fadok, 2000; Brown et al., 2002;
Lauber et al., 2003, 2004). In C. elegans, engulfing cells
recognize and phagocytose apoptotic cells via two
partially redundant genetic pathways (Ellis et al., 1991).
The first pathway involves the genes encoding CED-2,
CED-5, CED-10, and CED-12, which are orthologs of
mammalian CrKII, Dock180, Rac1, and ELMO, respec-
tively (Wu and Horvitz, 1998b; Reddien and Horvitz,
2000; Gumienny et al., 2001). These genes regulate the
cytoskeletal rearrangement of the engulfing cells, which
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volves the genes encoding CED-1, CED-6, and CED-7,
which are a scavenger receptor-like molecule (CD91/
LRP/SREC), an adaptor protein (hCED6/GLUP), and an
ATP binding transporter (ABCA1), respectively (Liu and
Hengartner, 1998; Wu and Horvitz, 1998a; Zhou et al.,
2001). It is likely that these proteins participate in the
recognition of apoptotic cells.
In the pruning ofDrosophila g neurons, glial infiltration
and engulfment are induced extrinsically by the MB g
neurons (Awasaki and Ito, 2004). Furthermore, the en-
gulfing glial cells express Draper (Drpr), which is the
Drosophila ortholog of the C. elegans CED-1. The ex-
pression of drpr in glial cells is essential for the clear-
ance of apoptotic neurons in the Drosophila embryonic
central nervous system (Freeman et al., 2003). These
findings led us to hypothesize that engulfment of degen-
erating axon branches by glial cells share common mo-
lecular mechanisms with the clearance of apoptotic
cells by phagocytes.
In the present study, we demonstrate that drpr and
theDrosophila ortholog of nematode ced-6 are essential
for the glial engulfment of larval axons during pruning of
MB neurons. In addition, we provide evidence that dis-
ruption of the microtubule cytoskeleton in the larval
axons of MB g neurons is induced by ecdysone stimula-
tion independent from glial engulfment. These findings
suggest that glial cells recognize and engulf degenerat-
ing axon branches of living neurons through the function
of Drpr and Ced-6 in developmentally programmed axon
pruning.
Results
Expression of drpr and ced-6 in the Glial Cells
Surrounding the Larval MB Lobes
The lobes of the larval MB are formed by a bundle of
axon branches of the MB g neurons. The distal tip of
the MB dorsal lobe is surrounded by a few glial cells,
which extend glial processes that cover the tip and
shaft region of the lobe (Figures 1A and 1B, left). Shortly
after the onset of pupal metamorphosis, these glial
processes infiltrate the lobes to engulf the axon
branches (Figures 1A and 1B, middle and right; Awasaki
and Ito, 2004).
Infiltrating glial processes are labeled with anti-Drpr
antibody (Awasaki and Ito, 2004). To identify the glial
cells that extend these Drpr-positive processes, we ex-
amined the expression of drpr by in situ hybridization,
focusing on the area around the MB dorsal lobe. The
drpr transcript was observed in a small number of cells
adjacent to the dorsal lobe. Whereas the expression was
weak in wandering larvae (L3) and pupae at 12h APF, it
was elevated in pupae at 6h APF (Figure 1C). The cells
that express drpr were also labeled with anti-Repo anti-
body and expressed the nuclear-localizing signal LacZ
fusion reporter (nLacZ), which was driven by GAL4-
repo (repo>nLacZ), indicating that they were glia (Fig-
ure 1E, data not shown).
In C. elegans, the nematode ortholog of drpr, ced-1,
interacts genetically with ced-6 in the engulfment of ap-
optotic cells, and CED-1 and CED-6 are colocalized in
the cells around early apoptotic cells (Ellis et al., 1991;
Liu and Hengartner, 1998; Kinchen et al., 2005). Theseproteins also interact biochemically (Su et al., 2002).
Therefore, we examined the expression of Drosophila
ced-6 in larval and pupal brains. In situ hybridization re-
vealed weak expression of ced-6 in the cells adjacent to
the MB dorsal lobe at L3 and 12h APF and elevated ex-
pression at 6h APF (Figure 1D). The ced-6-expressing
cells were glial cells, because they were labeled with
anti-Repo antibody and repo>nLacZ (Figure 1F, data
not shown).
Although both drpr and ced-6 transcripts were ex-
pressed in the glial cells adjacent to the MB dorsal lobes
with a similar pattern, only a specific subset of the glial
cells in this area expressed these genes (arrows in Fig-
ures 1E and 1F). To determine whether they are ex-
pressed in the same glial cells, we examined the distri-
bution of the Drpr and Ced-6 proteins using anti-Drpr
and anti-Ced-6 antibodies. Drpr and Ced-6 were de-
tected in the same glial cells around the MB lobe (aster-
isks in Figures 1G and 1I). Between one and three glial
cells in this area coexpressed Drpr and Ced-6 at 6h
APF (an average of 2.2 glial cells per lobe, n = 10). Other
glial cells expressed neither Drpr nor Ced-6 (arrowheads
in Figure 1H). Drpr and Ced-6 were, however, detected
in all of the infiltrating glial processes (arrowheads in
Figure 1I). This finding strongly suggests that only a spe-
cific subset of the glial cells in which these two proteins
are expressed extend their processes into the MB lobes.
In addition to the MB dorsal lobe, glial processes infil-
trating the medial lobe were labeled with both anti-Drpr
and anti-Ced-6 antibodies. These processes derived
from the glial cells that were arranged in the posterior re-
gion of the medial lobe (data not shown).
These findings indicate that elevated expression of
both drpr and ced-6 was transiently induced in the spe-
cific subset of glial cells that send their processes into
the MB lobes early in metamorphosis. Although a previ-
ous study demonstrated that more than eight glial cells
are arranged around the MB dorsal lobe at 6h APF
(Watts et al., 2004), our study indicates that only a subset
of them contribute to infiltration by glial processes.
Ecdysone Induces Expression of drpr in Glial Cells
How are the expression of drpr and ced-6 regulated in
the specific subset of glial cells? Because the elevated
expression of these genes occurred shortly after the on-
set of the pupal metamorphosis, a most likely candidate
mechanism would be ecdysone signal-mediated regula-
tion. Inhibition of the ecdysone receptor in g neurons by
ectopic expression of the dominant negative form of the
ecdysone receptor (EcR-DN), however, does not affect
the expression of Drpr in glial cells (Awasaki and Ito,
2004). In situ hybridization confirmed the elevated ex-
pression of drpr and ced-6 at 6h APF, as in the control
animal (Figures 1J and 1K). These observations exclude
the possibility that the expression of drpr and ced-6 in
glia is induced extrinsically by g neurons.
We therefore examined the cell-autonomous role of
ecdysone signals in glia using GAL4-repo-driven ec-
topic expression of EcR-DN in glial cells. Although de-
velopment of the repo>EcR-DN pupae was arrested in
the late prepupal stage, the pupae developed normally
until at least 6h APF (data not shown). In these pupae,
neither intense expression of drpr transcripts nor the
Drpr protein was detected in the glial cells at 6h APF
Apoptotic Cell Engulfment Genes in Axon Pruning
857Figure 1. Expression of drpr and ced-6 in Glial Cells that Engulf Axons of MB g Neurons
(A and B) Glial cells (green, labeled with repo>cGFP), MB dorsal lobe (magenta in [A], labeled with anti-FasII antibody), and cell nuclei (magenta in
[B], labeled with TOTO3) at L3 (left), 6h (middle), and 12h APF (right). Note that glial cell bodies (arrows in [B]) are distributed only around the distal
tip region of the MB dorsal lobe during these stages.
(C and D) Expression of drpr (C) and ced-6 (D) transcripts detected by in situ hybridization around the MB dorsal lobes at L3 (left), 6 hr (middle),
and 12h APF (right). Signals in the cells around the MB dorsal lobes were weak at L3 and 12h APF (arrowheads) and elevated at 6h APF (arrows).
(E and F) Double labeling of drpr and ced-6 transcripts with glial markers. Cells expressing drpr (E) and ced-6 (F) (arrows) were also labeled with
repo>nLacZ (green, middle in [E], visualized with anti-b-galactosidase antibody) and with anti-Repo antibody (green, middle in [F]). The MB lobes
were labeled with anti-FasII antibody (magenta, middle in [E]). Note that some of the glial cells around the MB lobes do not express drpr or ced-6
(arrowheads).
(G–I) Localization of Drpr and Ced-6 proteins in the glial cells around the lobes. (G) The dorsal lobe at 6h APF labeled with anti-FasII (green, left
and middle), anti-Drpr (magenta, left and right), and anti-Ced-6 (magenta in middle and green in right) antibodies. Asterisks indicate glial cell
bodies. (H) A glial cell labeled with anti-Repo (green, right) was also labeled with both anti-Drpr (left) and anti-Ced-6 (middle; arrows). Another
glial cell that is also around the MB lobe expressed neither Drpr nor Ced-6 (arrowheads). (I) All the glial processes infiltrating the MB lobes at 6h
APF (arrowheads), which were visualized with repo>cGFP (right), were also labeled with both anti-Drpr (left) and anti-Ced-6 (middle), suggesting
that only glial cell bodies that express these proteins (asterisks) infiltrate these processes.
(J–L) Expression of drpr ([J] and [K]) and ced-6 (L) at 6h APF when ecdysone receptors were inhibited by targeted expression of EcR-DN in MB g
neurons ([J] and [K], expression driven by GAL4-201Y) and in glial cells ([L], by GAL4-repo). Glial cells adjacent to the MB lobe expressed drpr
(arrows in [J]) and ced-6 (arrow in K) in 201Y>EcR-DN. The drpr expression was suppressed in repo>EcR-DN (arrow in [L]).
(M) Distribution of Drpr (left and right) and Ced-6 (middle) proteins in repo>EcR-DN. Glial cells were visualized with cGFP (green, right). Whereas
the expression of Drpr was suppressed (arrowhead in left), Ced-6 expression was not affected (arrowhead in middle). Note that infiltration by the
glial processes is not observed in these pupae (arrowhead in right).
(N) Expression level of drpr transcript in the glial cells around the dorsal MB lobe measured by in situ hybridization. The signal intensity was nor-
malized with that of the wild-type L3 larvae as 100%. Asterisk indicates p < 0.01 (ANOVA followed by Bonferroni correction). Error bars indicate6
SD.
All figures in this study show a frontal view of the brain (dorsal up, lateral to the left). Reconstruction images of serial confocal optical sections ([A]
and [B]) and single optical sections ([G–I] and [M]) and Nomarski images of the whole-mount brain ([C–F] and [J–L]) are shown. Scale bars, 20 mm.
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858Figure 2. Axon Pruning and Development of MB lobes in the drpr Mutant
(A and B) Dorsal axon branches of MB g neurons labeled with 201Y>cGFP (green, left) and anti-FasII (magenta, middle) of control (A) and drprD5
mutant (B) pupae at 18h APF. Most larval axon branches remained unpruned in drprD5 mutants (arrows in [B]) compared with controls (arrows in
[A]). Asterisks show newly extending axons of the a/b neurons.
(C) Percentage of the remaining larval dorsal axon branches of g neurons in the control and drprD5 mutant pupae, labeled with 201Y>cGFP. The
ratio between L3 and 18h APF are shown. Five samples were examined and averaged in each strain. Asterisk indicates p < 0.01 (t test). Error bars
indicate 6 SD.
(D–G) Axon branches of g neurons labeled with 201Y>cGFP (green, left) and anti-FasII (magenta, middle) at 24h ([D] and [F]) and 48h APF ([E] and
[G]) of control ([D] and [E]) and drprD5 mutant ([F] and [G]) pupae. Larval axon branches persist in drprD5 mutant even at 24h and 48h APF (arrows
in [F] and [G]).
(H–K) Axon branches of MB neurons in the young adult brains (2 days after eclosion) of control ([H] and [I]) and drprD5 mutant ([J] and [K]) flies,
labeled with 201Y>cGFP (green, left) and anti-FasII (magenta, middle) ([H] and [J]), and with 201Y>cGFP (green, middle), anti-Trio (magenta), and
anti-FasII (green, right) ([I] and [K]). In the drprD5 mutant, ectopic axon branches labeled with these markers were observed lateral to the a lobe
and ventral to the b lobe (arrows in [J] and [K]). Broken arrows indicate the fusion of the left and right b lobes (middle panel in [G] and [J]). Re-
constructed images of serial confocal optical sections are shown. Scale bars, 20 mm.(Figures 1L and 1M). In addition, no glial processes
infiltrated the MB lobe (Figure 1M). Quantification of
the expression level indicated that although the
amount of drpr transcripts increased by approximately
30% in 6h APF pupae of wild-type and 201Y>EcR-DN
compared with that of L3 wild-type larvae, there was
no increase of drpr transcripts in the pupae of repo>
EcR-DN (Figure 1N).
Interestingly, Ced-6 expression was not affected by
EcR-DN expression (Figure 1M): Ced-6 was expressed
in the same number of glial cells as those that coex-
pressed Drpr and Ced-6 in the control pupae at 6h
APF (between one and three cells, an average of 2.1 cells
per lobe, n = 10). These results suggest that ecdysone-induced stimulation in glia is essential for the elevated
expression of drpr, but not ced-6.
Suppression of Axon Pruning in the drprD5 Mutant
We previously demonstrated that inhibition of glial
engulfment suppresses pruning of the larval axon
branches of g neurons (Awasaki and Ito, 2004). Thus, if
drpr has an essential role in glial engulfment, the loss
of drpr function would affect pruning. To test this, we an-
alyzed the axon pruning of g neurons using a drprD5 null
mutant (Freeman et al., 2003).
We labeled the axon branches of g neurons specifi-
cally with cytoplasmic green fluorescent protein
(cGFP) driven by GAL4-201Y (201Y>cGFP, Figure 2A).
Apoptotic Cell Engulfment Genes in Axon Pruning
859Figure 3. Quantitative Analysis of the Effect of drpr Mutation and
Glial RNAi of drpr and ced-6
(A) Average ratio of glial infiltration into the tip region of the MB dor-
sal lobes.
(B) Average number of glial lumps formed in the MB lobe larger than
2 mm in diameter. Average number of large glial lumps over 5 mm is
indicated by the dark color.
(C) Number of glial lumps formed in the MB lobes that are 2 mm or
less. In (A) to (C), ten samples were examined in each strain. Aster-
isks indicate p < 0.01 (ANOVA followed by Bonferroni correction).
Error bars indicate 6 SD.
(D and E) Glial lumps formed in the MB dorsal lobe. In the control pu-
pae at 6h APF (D), infiltrated glial processes (green, left, labeled with
repo>cGFP) formed many lumps larger than 2 mm (arrowheads)
among the axons of the MB dorsal lobe (magenta, middle, labeled
with anti-FasII).A few large lumps (over 5mm, ‘‘L’’) were also observed.
In thedrprD5 mutant at the same stage (E), infiltration and small lumps
(2 mm or less, ‘‘S’’) were observed only near the surface of the lobe.
Single optical section images are shown. Scale bars, 20 mm.
Genotypes: w; UAS-cGFP/+; GAL4-repo/+ (GAL4-repo/+), w; UAS-
cGFP/+; GAL4-repo, drprD5/ + (drprD5/+), w; UAS-cGFP/+; GAL4-In the control pupae, most of the larval axons in the MB
dorsal lobe were pruned at 18h APF. Only a very small
amount of larval g axons were labeled with GFP at this
stage (Figure 2A). In comparison, however, most larval
axons appeared to remain in the lobes of the drprD5 mu-
tant (Figure 2B). To quantitatively examine the amount of
remaining larval axons, we compared the number of
pixels labeled with the GFP signal within the volume of
the dorsal lobe using stacks of confocal serial sections
(Figure 2C). In the control animals, the number of labeled
pixels at 18 hr decreased to less than 5% of that of L3,
while approximately 60% of the pixels remain labeled
in the drprD5 mutant pupae at 18h APF. Thus, drprmuta-
tion strongly suppressed axon pruning of the g neurons.
We further examined the development of the un-
pruned g neurons in the drprD5 mutant in later stages.
The 201Y>cGFP labels g neurons intensely through lar-
val to adult stages (Figures 2D, 2E, and 2H). In the drprD5
mutants, the larval axon branches of the g neurons re-
mained in both the dorsal and medial lobes at 24h and
48h APF (arrows in Figures 2F and 2G), though their total
volume appeared to decrease. From 48h APF onward,
201Y>cGFP labeled a subset of newly emerging a/b neu-
rons (Figures 2E and 2H). To distinguish these neurons
from the g neurons, we combined two more molecular
markers. In the adult brain, anti-FasII antibody labeled
g and a/b neurons, but not a0/b0 neurons. Anti-Trio anti-
body, on the other hand, labeled g and a0/b0 neurons, but
not a/b neurons (Figures 2H and 2I; Awasaki et al., 2000).
In the drprD5 young adult within 2 days after eclosion
(Figure 2J) and also in 1 week old mature adults (data
not shown), there were abnormal axon branches outside
of the a/b lobes (arrows in Figures 2J and 2K). Because
these axon branches were labeled by 201Y>cGFP, anti-
FasII, and anti-Trio antibodies, they are likely to be the
remnants of larval g neurons. This finding indicates
that without Drpr function, at least some of the larval
axon branches persist in the adult brain.
Of note, whereas the axons of the left and right b lobes
never cross the midline in the control animals (Fig-
ure 2H), these lobes were frequently fused in the midline
in the drprD5 mutants (Figure 2J, 10 of 15 flies). Fusion of
the b lobes was observed after 48h APF (Figures 2G and
2J), and was likely due to an overshoot of the medial
axons of the a/b neurons. Thus, the drprD5 mutation af-
fects not only the pruning of the larval axons, but also
the precise formation of the adult neural circuits.
The drprD5 Mutation Suppresses Glial Engulfment
Next, we analyzed the effect of the drprD5 mutation on
the engulfing action of glia. Once glial processes infil-
trate the MB lobes, they form lumps to engulf and de-
grade clusters of g neuron axon branches (Awasaki
and Ito, 2004). To evaluate this process quantitatively,
we measured the amount of the infiltrating glial pro-
cesses in the distal tip region of the MB dorsal lobe
(Figure 3A). The glial processes and g neurons were la-
beled with cGFP driven by GAL4-repo (repo>cGFP)
and anti-FasII antibody, respectively (Figures 4A–4D).
repo, drprD5/ drprD5 (drprD5 homo), w; UAS-cGFP/UAS-drpr-IR;
GAL4-repo/+ (repo>drpr-IR), w; UAS-cGFP/UAS-ced-6-IR; GAL4-
repo/+ (repo>ced-6-IR), w; UAS-cGFP/UAS-ced-6-IR; GAL4-repo/
drprD5(repo>ced-6-IR; drprD5/+).
Neuron
860Figure 4. Effect of Knockdown of drpr and ced-6 on the Glial Engulfment of MB g Neurons
(A–H) Glial cells labeled with repo>cGFP (green, left) and larval axon branches of g neurons labeled with anti-FasII (magenta, middle) in the MB
dorsal lobe at 6h ([A], [C], [E], and [G]) and 18h APF ([B], [D], [F], and [H]) in repo>cGFP ([A] and [B]), repo>cGFP; drprD5 ([C] and [D]), repo>cGFP,
drpr-IR ([E] and [F]), and repo>cGFP, ced-6-IR ([G] and [H]). The drprD5 mutation and glial RNAi severely suppressed glial infiltration into the
MB dorsal lobes (arrows in [C–G]). Arrowheads show glial lumps. A few glial lumps were occasionally observed in the drprD5 mutant (D) and
repo>ced-6-IR (H) at 18h APF. These lumps were formed only near the periphery of the MB lobes in the vicinity of glial cell bodies (arrowheads).
(I–L) Glial cells labeled with cytoskeleton-targeted Actin::GFP ([I] and [K]) and membrane-tagged mCD8::GFP ([J] and [L]) driven byGAL4-repo in
the control ([I] and [J]) and drprD5 mutant ([K] and [L]) at 6h APF. Few glial processes infiltrated the MB lobe, which is labeled with anti-FasII
antibody in the drprD5 mutant ([K] and [L]).
Reconstructed images of serial optical sections (A–H) and single optical section images (I–L) are shown. Scale bars, 20 mm.In the control pupae at 6h APF, the number of pixels
occupied by the infiltrating glial processes corre-
sponded to approximately 25% of the whole volume of
the distal tip region (Figures 3A and 4A). In the homozy-
gous drprD5 mutant, less than 4% of the pixels were la-
beled by infiltrating glia (Figures 3A and 4C). Though in-
filtrating glial processes were observed in a slightly
larger number of pixels at 18h APF, it was still less
than 7% of the whole volume of the distal tip (Figures
3A and 4D). At this stage only a small amount of glial in-filtration was observed in the control pupae (Figure 4B).
In the drprD5 mutant, the dorsal lobes were occupied by
unpruned axon branches of the larval g neurons
(Figure 4D). In contrast, the lobe structure was essen-
tially collapsed in the control pupae, because most of
the larval axon branches had disappeared (Figure 4B,
see also Awasaki and Ito, 2004).
In the early phase of axon pruning, glial processes
form lumps that engulf clusters of varicosities on the
axon branches (Awasaki and Ito, 2004). Because the
Apoptotic Cell Engulfment Genes in Axon Pruning
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we counted the number of glial lumps that were larger
than 2 mm. In the control pupae at 6h APF, an average
of 10.2 lumps was observed in the distal tip region (Fig-
ures 3B and 3D). Several glial lumps were very large in
size; an average of 2.0 large glial lumps were over 5
mm in diameter (Figures 3B and 3D).
In the homozygous drprD5 mutant pupae, the forma-
tion of the glial lumps was greatly suppressed. There
were very few glial lumps over 2 mm and no lumps over
5 mm at both 6h and 18h APF (Figures 3B, 4C, and 4D).
There were a few small lumps that were less than 2 mm
in diameter in the MB lobe at these stages (Figure 3E).
Although such small lumps were frequently observed
in the control pupae, it was difficult to count their num-
ber precisely, because some of them were fused with
larger lumps.
The engulfing action of glia, however, was not com-
pletely suppressed; there was an average of 0.2 and
0.5 glial lumps over 2 mm per MB lobe in the drprD5 pu-
pae at 6h and 18h APF, respectively (Figure 3B). In the
drprD5 mutant, however, glial lumps were observed
only near the periphery of the MB lobes in the vicinity
of the glial cell bodies (arrowhead in Figure 4D). On the
other hand, in the control pupae, engulfing glial lumps
formed deep inside the lobes (arrowheads in Figure 4A).
In the control MB lobes, several clusters of regions were
observed where FasII-positive axons were absent, ap-
parently because of glial cell engulfment (arrowheads
in Figures 3D and 4A). Such FasII-negative clusters
were not observed in the lobes of the drprD5 mutant (Fig-
ures 3E, 4C, and 4D). These findings suggest that both
the infiltration of glial processes and the engulfment of
larval axon branches were severely impaired in the
drprD5 mutants.
It is possible that glial infiltration did occur, but that
these processes had become so thin that the GFP fluo-
rescence was below the limits of detection. In fact, cGFP
tends to visualize thicker processes strongly but thinner
ones relatively weakly (Ito et al., 2003). To visualize thin
glial processes more specifically, we induced expres-
sion of the cytoskeleton-targeted Actin::GFP and mem-
brane-tagged mCD8::GFP reporters in glial cells using
GAL4-repo in the drprD5 mutant. Although these re-
porters should label thin cellular processes very well
(Figures 4I and 4J; Sepp and Auld, 2003; Ito et al.,
2003), no signal of the infiltrating glial processes was de-
tected in the lobes (Figures 4K and 4L). Thus, the infiltra-
tion and engulfing action of glia was suppressed in
drprD5 mutants.
Functional Analysis of drpr and ced-6 Using a Glial
RNA Interference System
Compared to Drpr, functional analysis of Ced-6 was dif-
ficult, because there are no ced-6 loss-of-function mu-
tants available. Moreover, careful examination of confo-
cal serial sections revealed that the anti-Drpr antibody
labeled not only glial cells, but also weakly labeled the
cell bodies of most neurons (Figure 5D). It is therefore
possible that some of the drprD5 mutant phenotypes
we observed might actually be due to the loss of neuro-
nal drpr expression. Weak neuronal expression was also
observed with the anti-Ced-6 antibody (data not shown).To disturb drpr and ced-6 function specifically in the
glial cells, we induced RNA interference (RNAi) in the
glial cells by expressing double-stranded RNA of each
gene with GAL4-repo. We first examined the effect of
RNAi by quantitative RT-PCR of the RNA extracted
from the whole brain of 6h APF pupae. Whereas little
drpr transcript was detected in the homozygous drprD5
mutant, the expression level of the drpr and ced-6
mRNA was reduced by approximately 25% and 65%
with respective glial RNAi (Figure 5A). Antibody staining
no longer detected Drpr and Ced-6 proteins in the glial
cells surrounding the MB dorsal lobe (Figures 5B, 5C,
and 5E, n = 10), whereas the weak staining in neurons
was not affected (Figure 5E, data not shown). We there-
fore concluded that glial RNAi effectively suppressed
the specific expression of each gene in the glial cells.
In glial RNAi of drpr, infiltration of the glial processes
was severely suppressed, and there were only a few glial
lumps over 2 mm and no lumps over 5 mm at 6h and 18h
APF (Figures 3A, 3B, 4E, and 4F). There were only a few
small glial lumps smaller than 2 mm (Figure 3C). The phe-
notypes caused by glial RNAi were essentially the same
as that of the homozygous drprD5 mutant. These results
strongly suggest that the expression of drpr in the spe-
cific subset of the glial cells, but not in neurons, is essen-
tial for the engulfing action of glia.
The infiltration of glial processes and the formation of
glial lumps were also severely suppressed in glial RNAi
of ced-6 at 6h APF (Figures 3A, 3B, and 4G). At 18h
APF, the amount of glial infiltration and the number of
observed glial lumps somewhat increased. The number
of observed glial lumps, however, was less than half of
that observed in the control pupae at 6h APF (Figures
3A, 3B, and 4H).
Glial Engulfment of the Larval MB Axons Is Not
Associated with Apoptosis
Both Drosophila drpr and C. elegans ced-1 are essential
for the engulfment of apoptotic cells (Ellis et al., 1991;
Zhou et al., 2001; Freeman et al., 2003; Manaka et al.,
2004). Thus, the glial cells might infiltrate the MB lobes
to engulf the axons of the apoptotic neurons rather
than to prune the axons of living neurons. Because g
neurons re-extend their axons after pruning of their lar-
val axon branches (Lee et al., 1999), it is likely that
most of them do not undergo apoptosis. This, however,
has not been confirmed.
To test this, we examined the existence of apoptotic
cells with anti-active caspase-3 antibody, which detects
activated drICE and DCP1 caspases (Yu et al., 2002), in
the cell body cluster of g neurons at 0h, 6h, 12h, 18h, and
24h APF. Although there was a small number of cells la-
beled around the cluster of the MB neuron cell bodies,
no cells were colabeled with 201Y>cGFP at the stages
examined (n = 8 for each stage) (Figures 6A and 6B,
data not shown). This suggests that most of the g neu-
rons did not undergo apoptosis during early pupal
stages. Furthermore, no axons of g neurons in the MB
lobes were labeled with the antibody, suggesting that
few cells contained activated caspases (Figure 6C).
To further confirm the independence between glial en-
gulfment and apoptosis, we expressed two caspase in-
hibitors, virus-derived p35 and Drosophila DIAP1, in the
g neurons. This did not affect the pruning of the axon
Neuron
862Figure 5. Effect of drpr and ced-6 RNAi Induced in the Glial Cells
(A) Expression levels of drpr and ced-6 mRNA in the pupal brains at 6h APF measured by quantitative RT-PCR. Expression level of RpL32 was
used for normalizing the mRNA content among strains. Black and white bars show the relative expression levels of drpr and ced-6 compared to
RpL32, respectively, normalized with the expression level in GAL4-repo/+ as 100%. Asterisks indicate p < 0.01 (ANOVA followed by Bonferroni
correction). Error bars indicate 6 SEM.
(B and C) Expression of Drpr (middle) and Ced-6 (right) in the glial cells surrounding the MB dorsal lobe in the repo>drpr-IR (B) and repo>ced-6-IR
(C) pupae at 6h APF. Glial cells (arrows) were visualized by coexpressing cGFP (left). Outlines of the distal tip region of the MB lobes are indicated
with yellow broken lines ([B] and [C]).
(D and E) Expression of Drpr in the glial cells (arrows) and neurons (arrowheads) in control (D) and repo>drpr-IR (E) pupae at 6h APF. The area of
the neural cell bodies (cortex) above the MB dorsal lobe is shown. Outlines of the tip of the MB lobe are indicated with yellow broken lines. Single
staining images of glial processes (visualized with repo>cGFP) and anti-Drpr and anti-Elav antibodies, and merged images of their combinations,
are shown in left and right halves, respectively. Weak expression of Drpr in neurons (labeled with anti-Elav antibody) was not suppressed by glial
RNAi of drpr (arrowheads in [E]), whereas Drpr was not detected in the glial cells (arrows in [E]).
Single optical section images (B–E) are shown. Scale bars, 20 mm.branches and the engulfing action of glia (Figure 6D,
data not shown). These results strongly suggest that
glial engulfment of MB axon branches is independent
of apoptosis and activation of caspases in the MB g neu-
rons. Therefore, glial cells do not engulf apoptotic
neurons, but rather axons of the living neurons.
Interaction of Drpr and Ced-6 in Glial Engulfment
Drpr and Ced-6 were colocalized in the infiltrating glial
processes, and the loss of either protein caused similar
phenotypes. We therefore asked whether there is a ge-
netic interaction between drpr and ced-6 by examining
the effect of the heterozygous drprD5 mutation on glial
RNAi of ced-6. In the heterozygous drprD5 mutant, glial
infiltration and lump formation were not affected (Fig-
ures 3A and 3B). In ced-6 RNAi pupae at 18h APF, the
suppression of the glial actions was weaker than that
at 6h APF (Figures 3A and 3B). When ced-6 RNAi and
heterozygous drprD5 mutation coincided in the pupae,
however, both glial infiltration and lump formation
were significantly reduced (Figure 3A and 3B). Thesefindings suggest that drpr genetically interacted with
ced-6 in the glial engulfment of the larval axon branches.
Ced-6, an adaptor molecule, contains the phospho-
tyrosine binding (PTB) domain, which potentially inter-
acts with the intracellular domain of Drpr, a scavenger
receptor-like molecule (Smits et al., 1999; Freeman
et al., 2003). The purified intracellular region of Drpr
was retained more effectively by Sepharose containing
the GST-fused N-terminal half of Ced-6 than Sepharose
containing either GST alone or the GST-fused C-terminal
half of Ced-6 (see Figure S1 in the Supplemental Data).
These suggest that the N-terminal half of Ced-6 might
bind the intracellular region of Drpr.
Disruption of the Microtubule Cytoskeleton
in Degenerating Axons
Even when the glial engulfing action was disrupted in the
drprD5 mutant, the amount of the residual larval axon
branches decreased only gradually during metamor-
phosis (Figures 2F, 2G, and 2J). This suggests that
some of the larval axon branches can be pruned, albeit
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863very slowly, even when the engulfing action of the glial
cells is impaired.
Disruption of the microtubule cytoskeleton occurs in
the early phase of larval axon pruning (Watts et al.,
2003). We therefore examined whether this disruption
is induced by glial engulfment or occurs independently
from the glial action. To visualize the microtubule cyto-
skeleton, we expressed Myc::a-tubulin fusion protein
together with cGFP in g neurons. In the control animals,
Myc::a-tubulin was detected abundantly in the g neuron
axons in L3 but diminished at 6h APF, as reported by
Watts et al. (2003) (compare Figures 7A and 7B). When
Myc::a-tubulin was expressed in the drprD5 mutant, it
was detected abundantly at L3 and diminished at 6h
APF, just as in controls (Figure 7C, data not shown).
There were no significant differences in the ratio of
Myc::a-tubulin and cGFP signals in the MB dorsal lobe
between control and drprD5 mutant pupae at L3 or 6h
APF (p < 0.05, Figure 7E), indicating that disruption of
the cytoskeleton occurs normally in the drprD5 mutant.
Figure 6. Apoptosis and Activation of Caspases in the MB g Neu-
rons
Cell body cluster ([A] and [B]) and axon branches of the dorsal lobes
(C) of g neurons were labeled with 201Y>cGFP (green, middle in [A]
and [C]) and anti-active caspase-3 (magenta, left in [A] and [C]) at 6h
APF. A few cells with anti-active caspase-3 signals appear overlap-
ped with cGFP signals in the z-projection images (numbered arrow-
heads in [A]). High-magnification, single optical section images of
the same sample show that the anti-active caspase-3 and cGFP sig-
nals are not colocalized (numbered arrowheads in [B], which corre-
spond to those shown in [A]). (D) Glial processes visualized with anti-
Drpr (green, left) and MB axons with anti-FasII (magenta, middle) at
6h APF. Glial lumps engulf clustered varicosities of g neurons (ar-
rowheads) even when caspase inhibitor p35 was expressed in these
neurons (201Y>p35).
Reconstructed images of serial optical sections ([A] and [C]) and sin-
gle optical section images ([B] and [D]) are shown. Scale bars, 20 mm.This finding suggests that microtubule disruption oc-
curs independent of glial engulfment.
If disruption of the microtubule cytoskeleton is not
regulated by glial cells, it might be cell-autonomously
regulated. Thus, we coexpressed Myc::a-tubulin and
EcR-DN in g neurons. The Myc::a-tubulin level was not
decreased in the MB lobe at 6h APF (Figure 7D). The ra-
tio of Myc::a-tubulin and GFP signals in the MB dorsal
lobe was not significantly different between L3 and 6h
APF (Figure 7E). This suggests that disruption of the mi-
crotubule cytoskeleton is cell-autonomously regulated
by ecdysone through its receptors in g neurons.
These findings demonstrate that ecdysone orches-
trates the disruption of the microtubule cytoskeleton in
larval axons and the expression of drpr in a specific sub-
set of glial cells in the same period to enable the pruning
Figure 7. Disruption of the Microtubule Cytoskeleton in the Axons of
g Neurons
(A–D) Axons of g neurons and the microtubule cytoskeleton visual-
ized with 201Y>cGFP (green, left) and 201Y>Myc::a-tubulin (ma-
genta, middle), respectively, at L3 (A) and 6h APF (B–D). Arrows
show larval axon branches of MB g neurons. Myc::a-tubulin proteins
were observed uniformly in the axon branches of g neurons at L3 (A)
but disappeared at 6h APF in control pupae (B) as well as in the
drprD5 mutant (C). The disappearance was suppressed when EcR-
DN was coexpressed in the g neurons (D). Reconstructed images
of serial confocal sections are shown. Scale bars, 20 mm.
(E) Ratio between the Myc::a-tubulin and cGFP signals in the MB
dorsal lobe at L3 (black bars) and 6h APF (white bars). The number
of samples examined is shown. Asterisks indicate p < 0.01 and NS
indicates nonsignificant (t test). Error bars indicate 6 SD.
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864of unwanted larval axon branches with precise develop-
mental timing. Glial cells therefore engulf degenerating
axons in which the microtubule cytoskeleton has al-
ready been disrupted.
Discussion
The present study revealed that expression of drpr and
ced-6, which are essential for the clearance of apoptotic
cells in C. elegans, are functionally required for the glial
engulfment of larval axons during Drosophila metamor-
phosis. It is highly likely that these proteins interact with
each other in the engulfing action of glial cells. The dis-
ruption of the microtubule cytoskeleton in the larval
axons was induced by ecdysone independently from
glial engulfment. These results suggest that develop-
mentally programmed axon pruning is achieved by the
phagocyte-like action of glial cells that recognize and
engulf degenerating axon branches of living neurons
through Drpr and Ced-6 (Figure 8).
Function of Drpr and Ced-6 in Glial Engulfment
The present study demonstrated that elevated expres-
sion of drpr and ced-6 is induced in a specific subset of
glial cells that surround the MB lobe. We demonstrated
the essential function of drpr in the glial engulfing action
using drpr mutants and a glia-specific RNAi system. On
the other hand, inhibition of the ecdysone receptor in
the MB g neurons suppresses glial engulfment, even
though Drpr is expressed normally in the glial cells (Awa-
saki and Ito, 2004). The drpr gene encodes a scavenger
receptor-like molecule (Freeman et al., 2003). These find-
ings strongly suggest that the glial engulfment is regu-
lated by extracellular signals from the MB axons that
are recognized by glial cells through the Drpr receptor.
We also demonstrated that ced-6 is essential for glial en-
gulfment. The ced-6 gene encodes an adaptor molecule
that potentially interacts with the intracellular domain
of Drpr (Smits et al., 1999; Freeman et al., 2003). Thus,
Ced-6 might function in glial engulfment by mediating
signals from the Drpr receptor to the cytoplasm.
The engulfing action of glia in MB axon pruning con-
sists of at least two different phases: infiltration of glial
processes into the MB lobe, and engulfment of larval
axons of g neurons (Awasaki and Ito, 2004). Engulfment
of the larval axons by infiltrating glial processes is dem-
onstrated by electron microscopy analysis (Watts et al.,
2004). In which phase does Drpr function? Our results in-
dicated that glial infiltration is severely suppressed in
the drpr mutant and drpr RNAi pupae. Although the glial
processes in these pupae still surrounded the MB lobe
and contacted the larval g neuron axons in the periph-
ery, only a very few glial lumps, most of which were
small, formed. This suggests that glial infiltration as
well as lump formation were suppressed by the loss of
drpr function. Thus, Drpr is essential for recognizing sig-
nals for both infiltration of glial processes and engulf-
ment of the larval axons.
Engulfment of Degenerating Axons and Apoptotic
Cells by Drpr/CED-1 and Ced-6/CED-6
In C. elegans, genetic analysis indicated partial redun-
dancy in the involvement of two groups of genes in the
engulfment and clearance of apoptotic cells. The firstgroup (ced-2, ced-5, ced-10, and ced-12) functions in
reorganizing the actin cytoskeleton (Wu and Horvitz,
1998b; Reddien and Horvitz, 2000; Gumienny et al.,
2001), whereas the second group (ced-1, ced-6, and
ced-7) functions in recognizing apoptotic cells (Liu and
Hengartner, 1998; Wu and Horvitz, 1998a; Zhou et al.,
2001). A recent study reported that CED-1 functions co-
operatively with CED-6 early in the engulfment process,
either before or during actin cytoskeleton rearrange-
ment (Kinchen et al., 2005). In addition, a biochemical in-
teraction between CED-1 and CED-6 has been demon-
strated using a yeast two-hybrid assay (Su et al.,
2002). In the present study, we demonstrated a genetic
interaction between drpr and ced-6 in the glial engulf-
ment. Furthermore, we showed that none of the MB g
neurons underwent apoptosis during metamorphosis.
Therefore, Drpr/CED-1 and Ced-6/CED-6 are involved
in the recognition of not only apoptotic cells, but also de-
generating axons of the living neurons.
Of note, the effect of the glial knockdown of ced-6 on
the engulfing action of glial cells was weaker than that of
drpr knockdown. There are two possible explanations
for this result. First, the suppression of ced-6 using
RNAi might have been incomplete. A very weak expres-
sion of Ced-6, which could not be detected with anti-
Ced-6 antibody, might affect the glial engulfing action.
Second, Drpr might activate not only Ced-6, but also
other molecules that function partially redundantly.
The cytoplasmic tails of Drosophila Drpr and C. elegans
CED-1 contain two conserved putative tyrosine phos-
phorylation sites, the NPXY and YXXL motifs, which po-
tentially interact with proteins containing PTB and SH2
domains, respectively (Zhou et al., 2001; Freeman
et al., 2003). Functional analyses of NPXY and YXXL mo-
tifs demonstrated that they are partially redundant in the
function of CED-1 (Zhou et al., 2001). These raise the
possibility that the YXXL motif-associated and Ced-6-
independent intracellular signaling pathway might be si-
multaneously activated by Drpr.
In apoptotic cells, caspase action is essential for both
the induction of nuclear DNA degradation and the
Figure 8. Schematic Model of Developmentally Programmed Axon
Pruning
Reception of ecdysone in glial cells (1a) induces differentiation of
glial cells into phagocytes, which is associated with the expression
of drpr (1b). Glial cells recognize and engulf degenerating axons
through Drpr and Ced-6 (1c). Reception of ecdysone in neurons
via EcR/USP (2a) induces disruption of the microtubule cytoskeleton
in the axons (2b). Putative ligands for Drpr might be secreted or pre-
sented on the degenerating axons (2c). Complete axon pruning is
not accomplished without the glial engulfing action (3). Unlike the
clearance of apoptotic cells, glial cells remove only specific axon
branches without affecting other parts of the axons and parental
neurons.
Apoptotic Cell Engulfment Genes in Axon Pruning
865induction of engulfment by phagocytes (Hoeppner et al.,
2001; Reddien et al., 2001; Lauber et al., 2003). Apopto-
tic cells secrete a chemotactic signal that attracts
phagocytes in a caspase-3-dependent manner (Lauber
et al., 2003). Overexpression of caspase inhibitors in
MB neurons, however, has no effect on the pruning of
their axons (Watts et al., 2003) or on the engulfing action
of glia (present study). Thus, caspases are not likely to
be involved in the engulfing process of the MB neuron
axons. Whereas phagocytes and glial cells commonly
use Drpr/CED-1 and Ced-6/CED-6 to recognize their en-
gulfing targets, the intracellular mechanisms in the tar-
get to be engulfed are likely to be different between ap-
optotic cells and axons to be pruned.
Removing Apoptotic Cell Corpses and Degenerating
Axons by Phagocytes
Once cells undergo apoptosis, phagocytes engulf and
clear them quickly and efficiently (Fadok et al., 1998;
Savill and Fadok, 2000; Danial and Korsmeyer, 2004;
Lauber et al., 2004). When apoptotic cells fail to be
cleared, they undergo postapoptotic necrosis, which
causes harmful inflammatory responses by releasing in-
tracellular contents (Rosen and Casciola-Rosen, 1999).
Inhibition of the clearance or engulfment of apoptotic
cells affects development directly or indirectly (Lang
and Bishop, 1993; Little and Flores, 1993) and causes
ectopic survival of cells that are programmed to die
during development (Hoeppner et al., 2001; Reddien
et al., 2001). Thus, apoptotic cells must be removed in
a timely manner to ensure the proper development of
organisms.
Similarly, prompt and efficient removal of dysfunc-
tional or degenerating axons might be essential for
avoiding their harmful influence on the proper develop-
ment of the neural circuit. Indeed, inhibition of glial en-
gulfment of larval axon branches caused defects in the
development of the adult MB: larval axon branches of
g neurons survived abnormally and the medial b lobes
of both hemispheres fused in the drprD5 mutant adults.
The abnormally remaining larval axon branches might
disturb the normal development of newly extending,
adult-specific axons.
When axons are transected, the distal parts of these
axons are degenerated or fragmented, which is known
as ‘‘Wallerian-type degeneration.’’ Glial cells participate
in the removal of transected axons in such cases (Ald-
skogius et al., 1999; Gillingwater and Ribchester,
2001). The mechanisms underlying the recognition and
engulfment of transected axons by phagocytes, how-
ever, are unclear. The axon pruning of the Drosophila
MB g neurons shares similarities with Wallerian-type de-
generation (Luo and O’Leary, 2005). In both cases, mi-
crotubule breakdown is induced in the early stage of
axon degeneration, and the ubiquitin-proteasome sys-
tem is involved in these processes (Watts et al., 2003;
Zhai et al., 2003). In addition, axon pruning and Waller-
ian-type degeneration are not associated with apopto-
sis and activation of caspases (Finn et al., 2000; Whit-
more et al., 2003). Thus, Drpr/CED-1 and Ced-6/CED-6
might also be involved in the glial engulfment of axons
that cause Wallerian-type degeneration. In fact, Drpr is
involved in the clearance of severed Drosophila axons
(MacDonald et al., 2006, this issue of Neuron).Disruption of the Microtubule Cytoskeleton in Axons
Disruption of the microtubule cytoskeleton occurs in the
early phase of pruning of the larval MB g axons (Watts
et al., 2003). Ectopic expression of yeast ubiquitin prote-
ase UBP2 in g neurons suppresses the disruption of the
microtubule cytoskeleton and the engulfment of degen-
erating axons by extrinsic cells (Watts et al., 2004). In the
dendrite pruning ofDrosophila sensory neurons, phago-
cytes attack dendrites in which microtubule destabiliza-
tion is induced (Williams and Truman, 2005). These stud-
ies show a correlation between the disruption of the
microtubule cytoskeleton and phagocyte engulfment.
The present study provides evidence that disruption of
the microtubule cytoskeleton in the larval axons of g
neurons is induced by ecdysone, even when glial engulf-
ment is disturbed. We previously demonstrated that ec-
dysone receptor inhibition in these neurons suppresses
glial engulfment extrinsically (Awasaki and Ito, 2004).
Taken together, the disruption of the microtubule cyto-
skeleton in the target neurons might be involved in the
induction of the engulfing action of glial cells.
Apoptotic cells induce phagocytes to engulf them
with various signals, including find-me and eat-me sig-
nals (Fadok et al., 1998; Savill and Fadok, 2000; Lauber
et al., 2004). The best-characterized eat-me signal is
the translocation of phosphatidylserine from the inner
to the outer leaflet of the plasma membrane (Fadok
et al., 1992). A potential candidate find-me signal is the
lipid lysophosphatidylcholine, which is released from
apoptotic cells (Lauber et al., 2003). Although it remains
unknown whether similar signals are involved in the in-
duction of glial engulfment of degenerating axons, dis-
ruption of the microtubule cytoskeleton might be neces-
sary for the secretion or presentation of a putative ligand
or ligand complex for Drpr/CED-1.
The present study demonstrated that the pruning of
unnecessary axon branches and the clearance of apo-
ptotic cells share common molecular mechanisms.
This provides a systematic perspective for understand-
ing the reorganizing process of neural circuits. Further
comparative analyses of pruning and apoptosis, includ-
ing the identification of the ligand or ligand complex of
the Drpr/CED-1 receptor, and analyses of the intracellu-
lar molecular mechanisms downstream of the receptor
will provide important clues to elucidate how precise
and efficient removal of unwanted cells and neural pro-
cesses is achieved in developing organisms.
Experimental Procedures
Fly Strains
The following fly strains were used: GAL4-201Y (Yang et al., 1995),
GAL4-repo (Sepp et al., 2001), UAS-nLacZ (Ito et al., 1998), UAS-
cGFP S65T (T2 strain) (gift from B. Dickson), UAS-Actin::GFP (Ver-
khusha et al., 1999), UAS-mCD8::GFP (Lee and Luo, 1999), UAS-
p35 (Bloomington Stock Center), UAS-DIAP1 (gift from M. Miura),
UAS-Myc::a-tubulin (Liu et al., 2000), UAS-EcR-F645A (Cherbas
et al., 2003), and drprD5 (Freeman et al., 2003). The original drprD5
mutant chromosome contained a second-site lethal mutation, and
the drprD5 mutation alone is homozygous viable (MacDonald et al.,
2006).
The RNAi transgenic fly lines of drpr and ced-6 were obtained us-
ing the inducible RNAi method (Kennerdell and Carthew, 2000). To
generate UAS-drpr-IR and UAS-ced-6-IR constructs, a 499-bp
drpr cDNA fragment (GenBank accession no. AF145617, nucleotide
position 709–1208) and a 490-bp ced-6 cDNA fragment (GenBank
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866accession no. NM16567, nucleotide position 132– 622), respectively,
were amplified with PCR and inserted as an inverted repeat (IR) into
a modified pUAST transformation vector, pUAST-R57 (Pili-Floury
et al., 2004).
Quantitative RT-PCR
Total RNA was extracted from 10 to 15 pupal brains of each strain
dissected at 6h APF. First-strand cDNA was synthesized by Rever-
Tra Ace (Toyobo) with oligo(dT) 12-18 primer using 2 mg of total RNA
as template. Quantitative PCR was performed using SYBR Green
Realtime PCR Master Mix (Toyobo) with the Light Cycler apparatus
(Roche Diagnostic). Primer sequences were designed to synthesize
drpr cDNA sized to 110 bp and ced-6 cDNA sized to 80 bp as follows:
drpr, 50-CCTCTCAACGTATTGCAGAC-30 (forward) and 50-GTAAATG
AACACTGCGAAGATTATG-30 (reverse); ced-6, 50-CGTTTACAAGGA
GCGACT-30 (forward) and 50-TTCCCAGATTGAAGAGCAGG-30 (re-
verse). The expression levels of drpr and ced-6 were normalized to
the ribosomal protein RpL32 (94 bp, forward primer, 50-TAAG
CTGTCGCACAAATGG-30; reverse primer, 50-GTAACCGATGTTGGG
CATCA-30). Every PCR was performed as follows: 95ºC for 5 min, fol-
lowed by 45 cycles of 95ºC for 5 s, 60ºC for 5 s, and 72ºC for 7 s.
Quantitative PCR analysis was repeated three times for each strain.
Immunohistochemistry and In Situ Hybridization
To obtain staged pupae, white prepupae were collected at 1 hr inter-
vals and raised for the appropriate period at 25ºC. Brains were dis-
sected, fixed, and processed as described previously (Ito et al.,
2003). Antibodies used in this study included mouse monoclonal
1D4 (anti-FasII, gift from A. Nose), 1:25; rabbit anti-Drpr (Freeman
et al., 2003), 1:500; rat anti-Drpr (Manaka et al., 2004), 1:250; rat
anti-Ced-6, 1:500; rabbit aTrioB6 (anti-Trio) (Awasaki et al., 2000),
1:1000; mouse anti-GFP (Roche Diagnostic), 1:200, chicken anti-
GFP (Chemicon), 1:1000; rabbit anti-GFP (Molecular Probes),
1:1000; mouse anti-Repo (Developmental Studies Hybridoma
Bank), 1:100; rat anti-Elav (Developmental Studies Hybridoma
Bank), 1:200; rabbit anti-b-galactosidase (Cappel), 1:4000; rabbit
anti-active caspase 3 (Cell Signaling Technology), 1:100; Alexa-
488-conjugated or Alexa-647-conjugated anti-mouse, anti-rabbit,
and anti-rat IgG (Molecular Probes), 1:500; Cy3-conjugated goat
anti-mouse, anti-rabbit, and anti-rat IgG (Jackson Laboratories),
1:500; and Alexa-488-conjugated anti-chicken antibody (Molecular
Probes), 1:500. Nuclei were stained with TOTO3 (Molecular Probes,
1:2000 in 50% glycerol in PBS).
In situ hybridization to whole-mount brain was performed essen-
tially as described previously (Tautz and Pfeifle, 1989). EST clones
GH03529 and LD19266 were used for DNA probe templates to de-
tect drpr and ced-6 transcripts, respectively.
Generation of Anti-Drosophila Ced-6 Antiserum
Anti-Ced-6 antiserum was generated by immunizing rats with the
carboxyl end of Drosophila Ced-6 (amino acid positions 248–511),
which was expressed in E. coli as a fusion protein with GST and af-
finity-purified. A protein with a molecular mass of approximately 60
kDa was detected using this antiserum in Western blotting of lysates
of hemocyte-derived culture cells or whole embryos (data not
shown).
Microscopic Observation
Confocal serial scanning images were obtained at 1.0 or 1.5 mm in-
tervals using an LSM 510 confocal laser microscope (Carl Zeiss).
To reconstruct the stack of images, serial sections were projected
using LSM Image Browser V3.1 software (Carl Zeiss). Resulting im-
ages were processed and analyzed with Photoshop CS software
(Adobe). (See also Supplemental Experimental Procedures).
Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/50/6/855/DC1/.
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